The aging process is thought to result in changes in synaptic activity reflecting both functional and structural cell derangement. However, previous PET reports on age-related changes in resting brain glucose utilization (CMRglc) have been discrepant, presumably because of methodological as well as subject screening differences. In contrast to other studies, which used a region of interest approach, the objective of the present work was to determine, by means of the SPM software, the changes in regional CMRglc as a function of age in 24 optimally healthy, unmedicated volunteers of ages from 20 to 67 years. Global CMRglc showed a significant decline with age (ϳ6% per decade, P F 0.05), which concerned all the voxels studied save for most of the occipital cortex and part of the cerebellum. The most significant effects (P F 0.001) concerned the association neocortex in perisylvian temporoparietal and anterior temporal areas, the insula, the inferior and posterior-lateral frontal regions, the anterior cingulate cortex, the head of caudate nucleus, and the anterior thalamus, in a bilateral and essentially symmetrical fashion. The high posterior parietal cortex was not sampled in this study. This distribution of changes in CMRglc with age may differ from that seen in Alzheimer' disease, where the earliest metabolic reduction has been shown to affect the posterior cingulate cortex.
INTRODUCTION
The aging process is thought to result in changes in synaptic activity, reflecting both functional and structural cell derangement (Morrison and Hof, 1997) . Buildup of mitochondrial mutations, postulated to occur in aging, may be reflected in a deterioration in the capacity for oxidative metabolism, and further loss of oxidative metabolism during aging might lead to delayed-onset neuronal degeneration (Beal, 1992 (Beal, , 1995 . A statistically significant synapse loss, apparently diffuse with some differences among regions, also occurs with aging (Liu et al., 1996; Masliah et al., 1993) . Neurofibrillary tangles are found postmortem in subjects over 70 years of age in the hippocampus and enthorinal cortex and occasionnally in the lateral temporal and anterior cingulate cortex as well (Vermersch et al., 1995; Giannakopoulos et al., 1995) .
Baseline synaptic activity, which represents probably up to 75% of resting glucose utilization of the brain, can be approached by the measurement of the resting cerebral metabolic rate of glucose (CMRglc) with positron emission tomography (PET) and [ 18 F]fluoro-2-deoxy-D-glucose ( 18 FDG) (Phelps et al., 1979) . Previous PET reports on age-related changes in resting CMRglc have been discrepant in terms of both global and regional effects, presumably because of differences in methodology as well as, more specifically, in the screening of the subjects for their health status, which led to a heterogeneous population across the different studies (Table 1) . For example, in two studies where the selection criteria were strict (de Leon et al., 1984; Duara et al., 1984) , no significant effect of age on whole-brain CMRglc was reported, which was explained as reflecting an increase in the dendritic arborization with aging (Creasey and Rapoport, 1985) ; conversely, two other studies with similarly strict criteria did report both global and regional significant declines (Moeller et al., 1996; Blesa et al., 1997) . Even in healthy subjects, age-related white matter hyperintensities would be correlated with a significant decline in CMRglc (De Carli et al., 1995) , and hypertensive but otherwise normal subjects have reduced brain metabolism , which underlies the importance of strict screening for optimal health, including medication, if the effect of age per se is to be investigated. A final point about all the above studies is that CMRglc was measured using a region-of-interest (ROI) approach, preventing comprehensive brain assessment and standardized anatomical reference across reports.
In the present prospective protocol, we sought to determine, in a sample of optimally healthy, unmedicated volunteers, the changes in resting regional CMRglc as a function of age on a voxel-by-voxel basis, by means of the Statistical Parametric Mapping (SPM) software. Previously, only the effects of aging on cere-bral blood flow (CBF) have been assessed using this approach (Martin et al., 1991) .
MATERIALS AND METHODS

Subjects
According to prospective inclusion/exclusion criteria, we studied 24 healthy, unmedicated subjects, whose ages ranged from 20 to 70 years, roughly equally distributed across the five age decades. They were 15 males and 9 females; all were right-handed and had adequate educational background (Ͼ8 years of education). All were living at home and were enrolled in this study based on lack of abnormality of clinical, biological, MRI, and neuropsychological examinations, as follows: (1) strictly normal somatic examination; (2) body weight in the normal range; (3) no known vascular risk factors and smoking Ͻ10 cigarettes per day; (4) no alcohol or coffee abuse, according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition criteria; (5) blood pressure within normal limits; (6) no history or clinical evidence of sensorineural loss, dementia, or psychiatric disorder (a formal psychiatric interview was not performed); (7) no current use of medication (except birth control pills in two women and estrogen replacement therapy in one), and especially no use of centrally acting drugs (e.g., sleeping pills) for at least 6 weeks; (8) biological data (including blood cell count, liver function tests, blood electrolytes, plasma glucose, cholesterol, and triglycerid levels) within normal limits (in 5 subjects, the cholesterol was slightly above the upper normal limit but the ratio of total cholesterol to high-density lipoprotein was within the normal range); (9) negative HIV tests; and (10) normal standard T1-and T2-weighted MRI (1.5 T, General Electrics) and notably no significant white-matter T2-weighted hyperintensities (less than three pinpoint hyperintensities). Regarding the neuropsychological assessment, it included evaluation of general functions as well as a detailed assessment of memory functions. In no subject was there evidence of significant cognitive decline beyond that expected for normal aging, and no subject complained about his/her memory; neither the Intellectual Quotient (Beuregard's IQ) nor the Memory Quotient (Wechsler's MQ) were significantly correlated with age in our sample, and their means (ϮSD) and ranges were 115 Ϯ 14 and 111 Ϯ 11, and 85-132 and 80-128, respectively (the lowest IQ was from a subject of foreign origin with MQ of 111, and the subject with the lowest MQ had an IQ of 100); for further detail see Eustache et al. (1995; Group B subjects) .
This study has been approved by the Ethics Commitee of the University Hospital of Caen (France). Subjects gave written consent to the procedure prior the PET study.
PET Procedure
We followed the procedure described in detail in Penniello et al. (1995) . Only a brief summary will be given below. The volunteers fasted overnight prior to 18 FDG PET scanning. To minimize anxiety, the PET procedure was explained in detail beforehand. All the studies were performed between 12:00 AM and 15:00 AM. Following local anesthesia and Allen's test, a thin catheter was inserted into the radial artery for blood sampling. A second catheter was introduced in a vein of the other arm to inject the 18 FDG. Thirty minutes later, 5 to 8 mCi of 18 FDG was injected as a bolus at time 0 of PET data acquisition. Head positioning and motion restraint were obtained by means of a radio-opaque Laitinen stereotaxic frame (Issal Surgical Instruments, Stockholm) . Using a method derived from Fox et al. (1985) and thanks to a lateral skull X ray, the subjects were positioned with reference and parallel to the glabella-inion (GI) line, which has known probabilistic relationships with the anterior commissure-posterior Note. The degree of screening for optimal health is also indicated. All positive findings refer to negative correlations with age significant at the P Ͻ 0.05 level. N, number of subjects; *, **, ***, increasingly strict screening for optimal health; ϩ, Ϫ, effect present, absent.
commissure (AC-PC) line, so that we obtained in all subjects seven planes from Ϫ25 to ϩ47 mm relative to this line.
PET scanning was performed in the resting state (eyes closed, ears partially blocked in a dark and quiet environment) with the seven-slice LETI TTV03 PET camera (intrinsic resolution 5.5 ϫ 5.5 ϫ 9 mm, x, y, z at center, direct slice, Laboratoire d'Electronique et de Techniques Informatiques, Grenoble, France; axial field of view ϭ 81 mm) (Mazoyer et al., 1990) . A transmission scan was performed using an external source of 68 Ga (about 10 million counts per plane). All the data were registered during 60 min in list mode. The time course of plasma 18 F radioactivity was determined by sampling arterial blood and centrifugation. Careful crosscalibration between PET and well counters was performed daily. Plasma glucose content was measured five times during the PET procedure and averaged. PET recontructions were corrected for tissue attenuation, random coincidence, and scatter effect. The seven 18 FDG planes between 50 and 60 min postinjection were transformed into parametric maps of CMRglc according to the operational equation of Phelps et al. (1979) .
Data Analysis
The parametric CMRglc images (in units of mg/100 g · min) were displayed on a SUN workstation using the Analyze software (BRU, Mayo Clinic, Rochester, MN). Image transformations and calculations were performed using MATLAB (Mathworks Inc., Sherborn, MA). Using the SPM-95 software (Wellcome Dept. of Cognitive Neurology), for each scan, the 7 planes were interpolated to 26 planes. The AC-PC line was automatically determined and the CMRglc data were transformed into the stereotactic space of Talairach and Tournoux (Friston et al., 1989; Friston, 1995) . This procedure has been previously validated for data acquired with the TTV03 PET device (Deiber et al., 1993) . This procedure yields 26 normalized slices, corresponding to this atlas, but given the field width of our PET device (i.e., 81 mm), the voxel-by-voxel analysis could not assess the entire brain tissue. In addition, only those voxels sampled in all the 24 subjects were retained for further analysis (see Fig. 2 ). The images were smoothed using an isotropic Gaussian filter (16 mm) to account for the intersubject normal variations in the distribution of the gyri and to increase the signal-tonoise ratio (Friston et al., 1990) . Only the voxels in which CMRglc was Ͼ80% of the mean CMRglc were retained for the analysis (see Fig. 2 ). The statistical analysis employed Pearson's linear regressions to search for voxels where CMRglc decreased significantly with age (P Ͻ 0.05, uncorrected for multiple tests). We used first the raw data (absolute CMRglc parametric maps) and then the adjusted metabolic images (adjCMRglc) (normalized to grand mean across subjects, which equaled 4.71 mg/100 g · min) to determine age-related changes in relative metabolic distribution.
Age-related changes in ''global'' CMRglc (that is, each subject's mean absolute CMRglc value across the retained voxels) were also assessed with Pearson's correlation analysis.
RESULTS
Global Effects
Global CMRglc
Global CMRglc ranged from 2.65 to 6.43 mg/100 g · min Ϫ1 . There was a significant negative correlation between global CMRglc and age (r ϭ Ϫ0.488, P Ͻ 0.05) (Fig. 1) . This age-related decline in global CMRglc was about 6% per decade.
Regional Effects
Absolute CMRglc
Figure 2 shows (superimposed on standardized MRI) the voxels with significant (P Ͻ 0.05) decline in absolute CMRglc with age (no voxel significantly increased with age). This effect concerned the vast majority of the voxels studied (including, e.g., the hippocampal region), except most of the occipital cortex (and notably the calcarine area) and part of the right cerebellum. According to the SPM analysis, the significant voxels belonged to one large area (34,612 voxels, P Ͻ 10 Ϫ4 ), as well as a small occipital posterior area (29 voxels). Figure 2 also illustrates in a pseudocolor way the actual Z values. The effect of age was bilateral and essentially symmetrically distributed, and more marked in the frontal inferior and posterior lateral areas, anterior cingulate, anterior temporal, and parieto-temporal junction cortices, left caudate head and anterior thalamus. Relatively less affected were the anterior dorsolateral prefrontal regions, posterior cingulate and precuneus regions, association occipital and inferior occipitotemporal cortex, hippocampal areas, right caudate head, and posterior thalamus. Table 2 lists the peaks of most significant declines in CMRglc with age (P Ͻ 0.001) obtained in this analysis (also included in this Table are the Talairach's coordinates, x, y, z in millimeters of these peaks as well as the corresponding Z values). In addition to those peaks, and not shown in Table 2 , the left insula and the right caudate were also affected, but at a less significant level (P ϭ 0.003 and 0.002, respectively). An effect of age was also observed in the right hippocampus, but again at a lower level of significance (P ϭ 0.005).
Adjusted CMRglc
As expected, both significant negative and significant positive correlations of adjCMRglc with age were found.
Regarding negative correlations, the peaks' coordinates were identical to those found for absolute CMRglc, but with globally lower levels of statistical significance. Figure 3 illustrates these findings of bilateral and essentially symmetrical preferential effects. The most significant peaks (P Ͻ 0.001) were in the temporoparietal junction (BA 39/40), the left anterior middle temporal gyrus near the temporal pole (BA 21), and the left caudate nucleus. Peaks in the right caudate, orbitofrontal cortex (BA 11/25), right BA 20/21, bilateral anterior cingulate (BA 24/32), and left superior temporal gyrus (BA 22) were of intermediate, and in the bilateral precentral areas (BA 6) and right insula of least, statistical significance (0.001 Ͻ P Ͻ 0.01 and 0.01 Ͻ P Ͻ 0.05, respectively). Significant positive correlations (up to P Ͻ 0.001) were found in the bilateral BA 17/18/19, posterior cingulate bilaterally (BA 31), left BA 10, right cerebellum and right posterior thalamus (data not shown); none of these voxels showed a significant decline in absolute CMRglc at the P Ͻ 0.001 level.
DISCUSSION
This is the first study to have used the SPM software to assess the effects of aging on CMRglc. We found this method highly suited for this application because it allows (i) a systematic, voxel-by-voxel analysis of the entire volume of study; (ii) a pictorial, visually straightforward representation of the findings (see Figs. 2 and 3); and (iii) a precise anatomical localization of the significant changes in reference to Talairach's system, permitting objective comparison between studies. Despite the fact that this study was intrinsically limited by the number of acquired slices and the axial sampling of the PET device used, it was possible to apply the SPM procedure to the data thanks to the controlled and reproducible head positioning performed in each subject according to a stereotaxic procedure derived from Fox et al. (1985) . Some general limitations of SPM must, however, be acknowledged, such as (i) the need to spatially filter the data, which degrades the effective resolution; (ii) the exclusion from the overall analysis of the voxels that are not common to all the subjects; (iii) the limited ability to adjust precisely for the shape of each brain, with the inherent risk of edge artifacts; (iv) the only relative accuracy of the anatomic localization at the architectonic (i.e., Brodmann's area) level; and (v) the potential inclusion of dilated sulci within the analyzed voxels. Another complex issue with the use of SPM relates to statistical cutoff for significance, be- cause of the multiple tests and underlying multicolinearity. In our study, which deals with between-subjects correlations, it is not clear what the optimal alphastatistic should be, so we elected to descriptively display all the voxels with P Ͻ 0.05 (Fig. 2) , which may not prevent from Type I errors, but to list only those peaks with P Ͻ 0.001 (Table 2) , a cutoff which probably lies on the conservative side.
FIG. 2.
Significant declines (P Ͻ 0.05) in CMRglc (mg/100 g · min) with age (N ϭ 24 subjects) are shown as colored voxels projected upon corresponding T1-weighted MRI cuts from a normal subject, standardized in the Talairach space (Talairach and Tournoux, 1988) . The MRI data set has been cut out to show only the voxels of interest, i.e., those (i) common to all the subjects in this study, according to the limited axial field of view of the PET camera used, and (ii) in which absolute CMRglc was Ͼ80% of the mean CMRglc, see Materials and Methods). Illustrated here are 15 axial Talairach frames (Nos. 3 to 17, from Ϫ20 mm to ϩ36 mm relative to the AC-PC line); a few voxels were also sampled in axial planes 1, 2, and 18 (data not shown). These data were obtained with the SPM95 software, which calculated Pearson's correlation coefficients [CMRglc f(age)] for each studied voxel. The six-level pseudocolor scale, adjusted to a maximum Z score of Ϫ3.30 (P Ͻ 0.001), illustrates increasing levels of statistical significance from deep blue (Z ϭ Ϫ1.64, P Ͻ 0.05) to red. No significant effects of age were seen in most of the occipital cortex and in the right cerebellum, while the remainder of the brain showed significant declines. The strongest correlations, shown in red, concerned bilaterally, and in an essentially symmetrical fashion, the inferior mesial frontal, anterior cingulate, ventrolateral prefrontal, posterior dorsolateral prefrontal/premotor, insular, anterior lateral temporal, and temporo-parietal junction cortices, as well as the head of caudate nucleus (mainly left side) and anterior thalamus (see Table 2 for peak coordinates and significance levels) .  FIG. 3 . This figure shows, according to the same display than Fig. 2 , the preferential age-related declines in CMRglc, as assessed with the SPM95 software running on adjusted CMRglc values. Significant declines (up to Z ϭ 3.60, P Ͻ 0.001) affected bilaterally the anterior lateral temporal, mesial orbito-frontal, anterior cingulate, lateral premotor, and temporo-parietal junction cortices and head of the caudate nucleus, as well as the right insula (see Results for further details).
Although we enrolled only optimally healthy volunteers (which made it impossible to retain any subject older than 70), our sample was not optimally homogeneous in terms of gender and education. However, we do not believe that this might have confounded our findings. Thus, the influence of gender on regional CMRglc and on the effects of aging on brain metabolism are controversial and, if anything, marginal (Baxter et al., 1987; Yoshii et al., 1988; Miura et al., 1990; Andreason et al., 1994; Gur et al., 1995; Murphy et al., 1996; Volkow et al., 1997) . Likewise, although we cannot rule out that, within the female cohort, differences in the hormonal status at time of scanning may have influenced CMRglc (Nehlig et al., 1985) , this effect should have been equally marginal. Finally, although a minimum of 8 years of schooling was required in our sample, several of our subjects had reached higher university education; however, complementary SPM analyses revealed only a single, weakly significant (P Ͼ 0.02) and highly circumscribed (area size: 3 voxels) correlation between educational level and CMRglc, which likely represents a chance finding.
We found that healthy aging was associated with a significant decline in global CMRglc, of ϳ6% per decade. Using the same subject selection criteria, Marchal et al. (1992) reported an equivalent decline in cerebral oxygen consumption with age. Of the 10 independant studies of CMRglc published as full articles in the open literature, 6 found significant reductions in whole brain metabolism (Table 1) , with declines ranging from 2% (Moeller et al., 1996) to 8% per decade (Blesa et al., 1997) . Rather strict screening of the subjects was done in most of the negative studies (De Leon et al., 1984 Duara et al., 1984) , but in two of the latter there was some regional decline (Table 1) . Thus, all studies being considered together, an agerelated decline of absolute CMRglc appears to exist, but it is modest and as a result not consistently statistically significant.
In contrast to this modest effect of chronological age on whole-brain glucose metabolism, most studies (Table  1) , including ours, indicate that aging does alter the distribution of CMRglc across the brain regions. In this work, this was clearly depicted by the SPM analysis, which yielded essentially the same peak coordinates whether absCMRglc or adjCMRglc values were used (see Results). However, with the latter, significant increases in relative metabolism were observed in those areas not showing significant decreases in absolute values, such as the posterior brain areas, a finding expected on statistical grounds. Lesser effects of age on the posterior brain (Fig. 2) is an almost constant finding of previous studies (see Table 1 ) which is reflected in an age-related decline in the anterior-posterior metabolic gradient (Kuhl et al., 1982; Moeller et al., 1996) , clearly illustrated here by the positive correlations with posterior brain adjCMRglc.
Amid these metabolic declines affecting most of the sampled brain volume, the highest effects (reaching the P Ͻ 0.001 level) were distributed in a bilateral and remarkably symmetrical way, and concerned the association neocortex in perisylvian temporo-parietal regions, the insula, the posterior part of the dorsolateral and ventro-lateral prefrontal cortices, the medioventral frontal cortex, most of the anterior cingulate cortex, and parts of the striatum and thalamus (see Figs. 2 and  3 and Table 2 ). These findings are difficult to compare to earlier reports, because all the latter used ROIs templates, which lack precision at the anatomical level. Several earlier reports emphasized metabolic declines in the frontal convexity (see Table 1 ). We found this effect to be present but not prominent, with predominant declines affecting the premotor (BA 6) and orbitofrontal (BA 11/25) areas; although it might be concluded that marked dorsolateral prefrontal effects may depend upon age-associated pathology, they were also observed in studies that used strict entry criteria (Table  1) . Apart from this possible discrepancy, and despite the differences in methodology, our results would, however, largely concur with those of most recent studies. Thus, Moeller et al. (1996) found bilateral metabolic declines in the medial prefrontal cortex, the operculum, the paracentral and inferior parietal areas, and the lateral temporal cortex, but no significant effects in the striatum and thalamus. Blesa et al. (1997) found highly significant effects in all the brain structures analyzed, including the occipital cortex (even though in that study, as in ours, the subjects were studied eyes-closed), but they significantly predominated in the cingulate gyrus, the insula, the parahippocampal gyrus, and the anterior thalamus.
The only comparable study on aging that also used a voxel-by-voxel approach dealt with resting brain perfusion (Martin et al., 1991) . Despite this difference in the physiological variable studied, a considerable similarity exists between this study and ours in the relative distribution of age effects. Thus, similar to our study, age-related declines affected in a bilateral and essentially symmetrical fashion the anterior cingulate gyrus (BA 24, but extending to the neighboring medial prefrontal cortex), the lateral temporal cortex near the temporal pole (BA 38), and the parieto-temporal junction (BA 40), as well as the left insula and adjacent left ventrolateral prefrontal cortex (BA 47); the posterior parahippocampal gyrus (BA 30) was also among the preferentially affected regions in the Martin et al. study, while in ours it was affected but with lower P values (Fig. 2) . Conversely, Martin et al. (1991) did not observe significant effects in the bilateral caudate head, which were prominent in our study.
Enlargement of the ventricular spaces and cortical sulci has often been reported in cross-sectional MRI or CT scan studies of normal aging (Schlageter et al., 1987; Tanna et al., 1991) , though some studies included subjects with age-related pathology (Coffey et al., 1992) . Recently, however, Double et al. (1996) reported that the decline in postmortem brain volume with age was not only small (2 cc per year, or ϳ1.5% per decade), but that it affected only the white matter. Furthermore, Fox et al. (1996) have shown in vivo, by means of longitudinal MRI with automated coregistration, that the median annual loss in normal subjects was less than 0.05% of the mean brain volume per year, suggesting even smaller effects than Double et al. As 3D-MRIs were not available in this study, no correction for atrophy was attempted, and moreover there exists at yet no validated voxel-by-voxel PET data correction for cortical atrophy (Videen et al., 1988; Labbé et al., 1996) . We therefore acknowledge that the changes we see may in part reflect these anatomical changes. On the other hand, the argument of atrophy in a study such as ours is unclear, as age-related atrophy and CMRglc decline likely share neuron shrinkage and synapse loss (Terry et al., 1987; Masliah et al., 1993; Morrison and Hof, 1997) among their main underlying cellular mechanisms, so the whole issue of ''atrophy-corrected CMRglc'' with respect to aging somewhat lacks neurobiological insight. Nevertheless, to reduce such (albeit small) effects, we retained in our analysis only those voxels whose CMRglc was at least 80% of the mean value. As shown in Fig. 2 , this procedure discarded the major part of the lateral ventricles and surrounding parenchyma, as well as a thin rim of cortex. However, due to this procedure, the anterior temporal lobe including the anterior hippocampal area was deleted; the SPM analysis was repeated with a 50% threshold, which revealed that these areas were significantly affected by age at the P Ͻ 0.05. This is important to note because earlier work has suggested that this area may be involved in the age-related decline in verbal episodic memory .
Alzheimer's disease (AD) is characterized by posterior association cortex hypometabolism (for review, see Mazziotta, 1995) . In this study, although the high posterior parietal cortex was not sampled, aging affected the anterior, more than the posterior, temporal cortex (Fig. 2) . Thus, the changes in CMRglc with age observed in the present study appear to differ from those described in AD. This may equally apply to the very early and preclinical stages of AD, where the earliest significant changes appear to affect the posterior cingulate cortex even before the superior parietal cortex, while the anterior cingulate cortex is relatively preserved (Kennedy et al., 1995; Small et al., 1995; Reiman et al., 1996; Minoshima et al., 1997) . In our study, the effects of aging demonstrated the reverse pattern, i.e., the cingulate gyrus was preferentially affected in its anterior, rather than its posterior, part (Figs. 2 and 3 ). This may suggest that the cellular processes underlying normal aging may be distinct from those that cause Alzheimer' disease. However, further studies sampling the entire brain volume will be necessary to confirm this hypothesis.
